Many-Chain Effects on the Co-nonsolvency of Polymer Brushes in a Good
  Solvent Mixture by Park, Gyehyun & Jung, YounJoon
Many-Chain Effect on the Co-nonsolvency
Behavior of Polymer Brush in a Good Solvent
Mixture
Gyehyun Park and YounJoon Jung∗
Department of Chemistry, Seoul National University, Seoul 08826, Korea
E-mail: yjjung@snu.ac.kr
Abstract
The polymer brush normally swells in a good solvent, while it collapses in a poor
solvent. An abnormal response of polymer brush, so-called co-nonsolvency, is a phe-
nomenon where the brush collapses counter-intuitively in a good solvent mixture. In
this work, the structural properties of the co-nonsolvency in the grafted polymers are
investigated using molecular dynamics simulation. We consider the brushes at three
different grafting densities to study the effect of topologically excluded volumes on the
co-nonsolvency. Preferential adsorption of solvent molecules on the polymers leads to
the formation of a bridging structure between them, which causes the polymer brush to
collapse significantly. We find that the intermolecular bridging structure is predominant
in the overlapping brush regime, while the intramolecular bridging is only formed in
the mushroom brush regime. Topological constraints also affect the degree of collapse
as well as the orientation of the polymer substantially. Based on these observations,
we construct a phase diagram of the polymer brush system using the average thickness
and orientation as structural order parameters when both the grafting density and the
fraction of the solvent mixture are varied, respectively. Going beyond previous works
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on the co-nonsolvency in the single polymer model and adsorption-attraction model,
this work provides a microscopic insight into many-chain effects on the co-nonsolvency
behavior in a systematic way. Furthermore, the phase diagrams presented in this work
can provide useful theoretical guidelines for controlling co-nonsolvency behavior in var-
ious polymer brush systems such as bio-interface, drug-delivery, and sensor devices.
Introduction
A polymer brush is a collection of polymer chains tethered to a metal surface or a biological
membrane. The bundle of grafted polymers changes the structure upon the introduction
of external stimuli such as temperature, light, pH and solvent environment. Due to its
stimuli-responsive nature, the polymer brush has been utilized in various biological sys-
tems as well as applied to developing synthetic materials with sensory functions.1–4 Typical
applications include smart drug-eluting devices that effectively regulate pharmacological
actions in the human body.5–7 Stimuli-responsive polymer brush with a tethered biocide
or drug typically undergoes a conformational transition by external stimuli at the target
site. The transition between the swelling and collapsed states of the brush induces the
change in the biocide exposure and the diffusion of drugs such as vancomycin, allowing
the modulation of pharmacological actions.
The collapse of polymer in the mixture of good solvent, dubbed co-nonsolvency, has
attracted great attention as an unexpected response to the solvent stimulation of polymer
brushes. 6,8–11 From a general perspective of polymer physics, polymers expand in a good
solvent and collapse in a poor solvent. However, co-nonsolvency occurs when the poly-
mer brush contracts in a mixture of good solvents, while it expands in each of the good
solvents. It is an not only intriguing theoretical issue to explore from the viewpoint of
fundamental polymer physics, but it may provide a key aspect in practical applications as
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a novel stimuli-responsive system. Accordingly, a lot of experimental,6,8,9,12,13 computa-
tional13–18 and theoretical studies10,11,16,19,20 have been performed in recent decade. Ex-
perimentally, the co-nonsolvency phenomenon has arisen from the various combinations of
polymers and solvent species, not limited to specific systems.8,9,12–14,21–27 Among those set
of polymer-solvent mixtures, poly(N-isopropylacrylamide) (PNIPAM) and methanol/water
mixture are one of the widely studied co-nonsolvency systems. The abrupt collapse of
PNIPAM brush occurs when the small fraction of methanol (∼ 20 mol%) is added to water,
exhibiting the changes in the thickness and the energy dissipation in atomic force mi-
croscopy (AFM) and quartz crystal microbalance (QCM)28 experiments. When raising the
methanol fraction by more than 40 mol%, the brush gradually re-swell to form the confor-
mation in the pure water. This asymmetric change as the solvent composition has emerged
also in the dynamic,12,29 synthetic,30 mechanical properties,9,31,32 extending the notion of
the co-nonsolvency beyond the structural response.
To explore the co-nonsolvency theoretically, Mukherji, Kremer, and Marques proposed
a single polymer adsorption (SPA) model which assumes that all sites capable of contacting
solvents in the polymer chain can act as adsorption sites.16 In this model, they argued that
a better solvent with a stronger affinity to polymer than that of a good solvent occupies
two adsorption sites simultaneously, and a loop is formed in which monomers are bridged
through the better solvent. The SPA model takes into account the loop formation entropy
produced by an intramolecular bridging structure.33 In that study, co-nonsolvency results
from the preferential solvation of the better solvent to compensate for the penalty incurred
from the mixing entropy and the looping entropy. As a matter of fact, however, The poly-
meric system that exhibits co-nonsolvency consists of many polymer chains. Those systems
are micro-gel or polymer brush bound by interaction which cannot be described with the
SPA model. To overcome this limitation, the SPA model was later extended by Sommer to
account for the co-nonsolvency of the polymer brush.10 This model, called the adsorption-
attraction (AA) model, combines the concepts of the SPA model and the Alexander-de
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Gennes brush.34,35 There are two assumptions in the AA model. First, the monomers are
homogeneously distributed in the brush region. Second, when co-nonsolvency occurs, the
monomers are not bridged through the loop and the bridge occurs through the interpene-
tration of the chains.
The purpose of this study is to investigate the many chain effect on the co-nonsolvency
behavior of polymer brush through molecular dynamics simulation. Both the inter- and
intra-chain interactions can bring about the coexistence of the intermolecular and in-
tramolecular bridging structures. Our work transcends the SPA model and the AA model
in that it covers not only the two extreme cases but also the intermediate cases where the
intermolecular and intramolecular bridging structure coexist. Here, we also suggest mi-
croscopic explanation about experimentally observed phenomena of the co-nonsolvency
brush. In this paper, we first obtain the structure of brush in the good solvent. Section
2 describes a coarse-grained model and the molecular dynamics simulation method we
used. In section 3, we analyze the brush structure in the solvent-cosolvent mixture us-
ing macroscopic scale properties such as thickness to microscopic scale properties such
as bond orientation or segment structure. In addition, a phase diagram of the structural
properties of the brush is also presented. For additional details, Supporting Information is
provided. Finally, in section 4, we will discuss the novel significance of our research and
discuss important topics to be studied in the future.
Methods
In this work, we invoke the bead-spring polymer model developed by Kremer and Grest36
to perform molecular dynamics simulation for the study of co-nonsolvency. Although the
model is not an atomically resolved one, we choose to use it because many of the features
that we observe seem to be quite generic, not limited to any specific system.8,12,16,21–27
We first prepare polymers with the degree of polymerization N = 50 grafted to the sub-
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strate, called a wall. Each monomer(m) in the polymer is connected by both a finitely ex-
tensible nonlinear elastic potential (FENE) as well as the Weeks-Chandler-Andersen (WCA)
potential,
UFENE =

−1
2
kR0
2ln
[
1−
(
r
R0
)2]
, r < R0
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(1)
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]
, for r ≤ 21/6σ
0, elsewhere
(2)
with the finite extensibility R0 = 1.5σ, the bond strength k = 30/σ2, σmm = 1.0σ and
mm = 1.0. The polymers are solvated in a mixture of two types of Lennard-Jones (LJ)
particles, a good and a better solvent. The LJ potential is applied to all possible pair
interactions of beads and solvent. The full LJ potential is used for the interaction between
a monomer(m) and a better solvent molecule(b),
ULJ =
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4mb
[(
σmb
r
)12
−
(
σmb
r
)6
−
(
σmb
rc
)12
+
(
σmb
rc
)6]
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0, elsewhere
(3)
with σmb = 1.0σ and mb = 1.5. The WCA potential was used for the pair-wise interactions
between the other types of species,
UWCA =

4ij
[(
σij
r
)12
−
(
σij
r
)6
+ 1
4
]
, for r ≤ 21/6σ
0, elsewhere
(4)
where the indices ij refer to different types of pair-wise interactions among monomers,
good solvent molecules(g), better solvent molecules, and wall-atoms(w), except for the
monomer-better solvent molecule. The parameters are set to be σij = 1.0σ and ij = 1.0.
Two explicit walls perpendicular to the z-axis are placed at the bottom (z = 0) and
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at the top (z = Lz) of the system. The grafting wall is modeled by static particles, com-
posed of wall atoms and the first monomers of each chain. The velocities of these particles
were set to zero during simulations in order to make the particles stationary. The lattice
spacing is chosen as a = 1.25σ so that the solvent molecules are prevented from pene-
trating substrates but at the same time, the repulsion between adjacent chains are not so
great.37 Periodic boundary conditions in x and y directions, parallel to grafting surface,
were imposed.
Brushes corresponding to eight different surface coverages are prepared by varying
the number of grafted polymers M , the horizontal lengths of the system box Lx and Ly
(Supporting Information). The grafting density can be expressed as σg = M/(LxLy). Three
representative brushes with σg = 0.002, 0.074 and 0.148 are shown in Figure 1. For all the
systems, the total number of solvent is fixed by Ntot = 12000. We simulate the grafted
polymer under various solvent compositions. The mole fraction of a better solvent xb =
Nb/Ntot ranges from xb = 0.0 to xb = 1.0 with an interval of ∆xb = 0.1 (corresponding to
∆Nb = 1200). We keep the solvent density constant of ρ = 0.5σ−3 for all the systems, by
varying the height of the system box Lz accordingly, depending on the number of grafted
polymers.
The NV T simulation is performed based on the velocity Verlet algorithm with an inte-
gration time δt = 0.005τ where the unit time is scaled by τ = (/mσ2)1/2. The temperature
is set to T = 0.55/kB using the Nosé-Hoover thermostat. To prepare the initial configura-
tions with grafted polymers of random conformation, we first make the array of polymers
with rod conformations. After that, we sample the grafted polymers under high tempera-
ture T = 1.5/kB without a solvent (Figure 2). The equilibration is carried out for 105τ . All
simulations are performed using the GROMACS 4.6.7 simulation packages.38
6
Results
Topological effects of brush in one-component solvent
The brushes for different surface coverages are characterized in a pure good solvent case
before we study their structures in the mixture case of good and better solvents. As shown
in Table 1, the in-plane component of the radius of gyration Rg,xy at the lowest grafting
density (σg = 0.002) is less than the distance between the grafting sites of neighboring
chains, 〈D〉=σ−1/2g . In this regime, a chain only avoids itself and does not interact with any
other chains. However, the similarity between the values of Rg,xy and 〈D〉 at the higher
grafting densities (σg = 0.074, 0.148) indicates that the overlapping between chains occurs.
In order to find the threshold of the grafting density at which inter-chain interaction
takes place, we compare monomer density for three grafting brushes with the theoretical
values predicted by the self-consistent field (SCF) method for the moderate and high sur-
face coverages in Figure 3.39 The rescaled monomer density profile at σg = 0.074 and 0.148,
where the weak interaction between grafted polymers exists, shows a parabolic decay in a
good agreement with an analytic treatment given by39,40
ρm(z)
σ
2/3
g
=
pi2
8w
(H2 − Z2)Θ(H − Z), (5)
where H = h/(Nσg1/3) denotes the rescaled brush height, Z = z/(Nσg1/3) is the rescaled z
coordinate, and w is the strength of excluded volume interaction between chains, respec-
tively. Θ is the Heaviside step function. The analytic density curve in Eq. 5 is also con-
sistent with the overlapping density curves reported in previous simulation studies.37,40,41
In contrast to the moderate and high grafting density cases, the low grafting density case
does not fall onto an analytical, master curve, which suggests that the characteristics of
effective potential between chains at σg = 0.002 is clearly different from σg = 0.074 and
0.148. We designed a mushroom brush(σg = 0.002) to exclude inter-chain interaction and
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overlapping brush (σg = 0.074 and 0.148) to include inter-chain interaction. In particular,
σg = 0.074 case results in a much longer correlation length ξ than σg = 0.148 case, which
can be seen as the scaling relation between the correlation length ξ and the grafting density
σg, ξ ≈ σ−1/2g . This indicates that more inter-chain interactions are present at σg = 0.074
than at σg = 0.148.
Swelling-collapse-swelling transition
To investigate the co-nonsolvency behavior for the three different grafting brushes, we
calculated the average thickness of the brush defined by
〈z〉 =
∫∞
0
zρm(z)dz∫∞
0
ρm(z)dz
. (6)
Here, ρm(z) denotes the density of monomer at the height z from the grafting surface. With
the addition of more better solvent molecules until xb = 0.1, the brush undergoes a sig-
nificant structural collapse as shown in Figure 4. Increasing the better solvent fraction by
more than xb = 0.1 induces the swelling of the brush. For all the grafting densities studied,
the thickness of the brushes reaches the minimum value at xb = 0.1. The main difference
in the stimuli-response between the overlapping and the mushroom brush regime is ob-
served in the behavior of reentrant transition to swelling state. The first-order like change
appears in the overlapping brush, showing an abrupt change in the transition between
collapse and re-swelling state, while a continuous change is seen in the mushroom brush.
The brush becomes more stretched in a pure better solvent than in a pure good solvent
in agreement with a previous study on the one-component solvent system.37 The higher the
grafting density is, more drastically the brush swells. A larger difference in the thickness
at xb = 1.0 is observed accordingly as the grafting density increases. Notably, the degree
of collapse at xb = 1.0 is most significant for σg = 0.074, where the thickness at xb = 0.1
is reduced in half compared to the thickness at xb = 0.0. This suggests that there exists an
8
optimal grafting density with which the co-nonsolvency response, i.e. collapse transition,
becomes maximized. We notice the range of the solvent composition, where the thickness
is smaller than that in a pure good solvent, gets narrower as the grafting density increases.
The co-nonsolvency region appears at 0.1 ≤ xb ≤ 0.9 for σg = 0.002 and 0.1 ≤ xb ≤
0.3 for σg = 0.148. Here, we find that the window of polymer collapse depends on the
grafting density strongly as well as the temperature of the system,42,43 and the interaction
asymmetry between polymer-good solvent and polymer-better solvent.13,17
To compare the experimentally observed brush collapse using AFM,8 we calculated
how the maximum z coordinate of the brush changes as the solvent is mixed with co-
nonsolvent, i.e. the collapse ratio. In AFM experiment, they also prepared the two over-
lapping brush which satisfies h ∼ σ1/3g and one mushroom brush, which is composed of
grafted PNIPAM chains. Height was measured only in water/methanol mixture of 50%v/v,
which corresponds to the reswelling composition in our simulation. The collapse ratio
hc/hs = hxb=0.5/hxb=0.0, is shown in Table 2. Since our model does not target the spe-
cific co-nonsolvency system, rather provides the general picture of diverse co-nonsolvency
systems, we would not expect the collapse ratio to be identical absolutely. The differ-
ence between the values in the experiment and the simulation can be arise from the de-
gree of polymerization16 or the chemical details.44 However, the decreasing tendency of
the collapse ratio as increasing grafting density is consistent well with experimental re-
sults. It is interesting to note that the relative change of the maximum height increases
as the grafting densities whereas the relative change of average height of monomers
(〈z〉c/〈z〉s = 0.74, 0.58, 0.68 for σg = 0.002, 0.074, 0.148, respectively) does not.
The thickness change follows two distinct scaling behaviors in the mushroom and in
the brush regimes both for the pure solvent and the mixture cases (Figure 5). The scaling
exponent values in a pure good solvent was found with ν = 0.05 and 0.36 in the mushroom
and brush regimes, respectively, which is in a good accordance with previous experiments
and theories.35,39 At xb = 0.1, however, the scaling exponent in the brush regime changes
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markedly to ν = 0.70, which is slightly less than that in a poor solvent from experiment(ν =
0.8)45 and theory(ν = 1.0).46 The deviation of the scaling exponent from the value of
standard poor solvent suggests that the co-nonsolvency brush is slightly swollen than the
collapsed one in the poor solvent where monomers are compactly packed. This scaling
behavior confirms the experimental observation, which reported that the single PNIPAM
chain globule still contains ∼ 77% solvent inside its hydrodynamic volume at xmethanol =
0.2.47 Another point to note is that when the grafting density is very high (σg = 0.174), the
thickness of xb = 0.1 is almost equal to that of a pure good solvent case.
Density profiles
Motivated by an observation in the structural transition of brush thickness under various
solvent compositions, we obtain the overall structure of the system (Figure 7). The density
profiles of monomers in the pure solvent and the mixture condition (xb = 0.1) are calcu-
lated. The distribution of the solvents molecules causing the structural change of the brush
is also shown, in which that for xb = 0.1 the brush collapse is most significant. Those for
the rest of the compositions are shown in the Supporting Infromation.
For σg = 0.074 and 0.148, the parabolic density profile with an exponential tail is ob-
served in the pure good solvent environment in Figure 7(d). When the better solvent
fraction is raised to xb = 0.1, the monomers are highly concentrated near the grafting
surface, forming a narrow brush regime. In the case of the solvent mixture, the density
profile exhibits a steep descent at the interface, in accordance with the density profile
of poor solvent in the previous studies.37,48 In this solvent regime, a wide range of uni-
form density is provided and the density profile decreases sharply at the interface. Note
that the parabolic curve re-emerges gradually as the better solvent fraction increases. For
σg = 0.002, in contrast, the density profile keeps a Gaussian-like shape in the whole range
of solvent compositions.
With the addition of the better solvent molecules, the layering structures are observed
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prominently in the overlapping brushes, which can be typically observed in the confined
systems such as ionic liquid in the electric double layers.49 First layers with sharp peaks
near the grafting surface are shown regardless of solvent compositions. Such a highly
ordered structure of monomers is due to the geometric constraints induced by the repul-
sive interaction due to the grafting wall. The ordering caused by such topological reason
persists up to about three layers in pure solvent conditions for all three grafting densities.
However, as the better solvent fraction increases up to xb = 0.1, layering structures are
clearly observed over a significant distance along the vertical direction. In particular, for
σg = 0.074 the ordering remains until the monomers reach the interface between brush
and bulk at xb = 0.1. This indicates that the monomers are densely packed in the whole
range of brush regions for σg = 0.074, supported by the disappearance of an exponential
tail structure near the interface and the higher total density ρt in the brush region than
bulk.
In the pure good solvent conditions, the good solvent exists in the brush region as well
as in the bulk. At xb = 0.1, however, the good solvent near the grafting polymers are
expelled towards the bulk region. In particular, the good solvent molecules are scarce
near the grafted polymers for σg = 0.074 and 0.148. Note that the region where the
density of good solvent changes corresponds to the brush region where the monomers
exist, indicating the z value where the density of good solvent varies sharply denotes the
interface between brush and bulk. The grafting brush with σg = 0.074 shows that both the
good solvent and the better solvent exist in the brush region under the mixture condition
because the better solvent is clustering around the region where the monomer contact
probability is high. As can be seen from Fig. 8, in the polymer-free zone where the local
grafting is relatively low, the good solvent does not gather to make chain-better solvent-
chain aggregation and just contact with the surface. The distributions of non-uniformly
good solvent in the parallel direction in the distribution of grafting brush solvent with
σg = 0.148 disappear from 6 < z < 10.
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The density profiles of a better solvent exhibit an opposite trend with good solvent one.
At xb = 0.1, the better solvent is locally concentrated near the monomer-rich region. This
is an apparent distinction from the poor solvent where only the monomers aggregate each
other excluding solvent, which explains the different scaling behavior in the composition
xb = 0.1 and the poor solvent (Figure 5). For σg = 0.002, the change in the density of
the better solvent is smaller than the overlapping brushes. In this grafting condition, the
better solvent remains near the grafting surface at the all solvent compositions. Accessi-
bility of solvent to monomers became possible as the polymer conformation changes to
swell. In this context, QCM experimental observation is consistent with ours, which sug-
gested the solvent-polymer contact area in methanol/water compositions indirectly from
the mass change in the polymer growth process.30 In methanol fraction xm = 0.1, the
heterogeneous growth occurs in grafted chains, leading to the nonuniform length distribu-
tion, whereas at xm = 0.16, the homogeneous growth was shown. By the combination of
our density profile and QCM observation, we can argue that monomers have access to the
active radical sites on the polymers only at the interface between the brush and the brush
at xm = 0.1(Fig. 7(h)), whereas all the chains are solvated with the better solvent when
introduced to the methanol composition more than xm = 0.1 (SI). Our density profile gives
direct information in "grafted from" polymerization, which can be vital to controlling the
dispersity of polymer size in the polymerization process.
The change in the total density shows a different behavior in the brush region and in
the bulk. At xb = 0.1, the concentration of the particles increase in the brush region and
slightly decrease in the bulk compared to the condition at xb = 0.0. The total density
of brush region reaches above ρ ∼ 0.8 at which the better solvent and the monomer
behave like the compact packing crystal. Such heterogeneity in the density and the local
concentration of better solvent support the previous result that the co-nonsolvency is the
energetically dominant phenomenon.16
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Conformation and orientation of polymers
In order to investigate the structural properties of the polymer brush more thoroughly, we
extend our analysis further for the structural properties of individual polymers, such as
the radius of gyration and the orientation of polymers. Ensemble-averaged values of each
property are calculated by sampling over all polymer configurations saved at every 0.01 ns.
First, we calculate the radius of gyration by varying the solvent composition for the three
grafting densities (Figure 9). For all cases of grafting densities, the radius of gyration takes
the minimum value at xb = 0.1 as does the thickness of the brush (Figure 4). However,
the change in the size of the individual polymer is not consistent with the change in the
thickness. Even though the cluster of polymers collapses the most in σg = 0.074, the
polymer chain itself shrink the most in σg = 0.002.
A more detailed view of the structural change of the polymers can be obtained when the
orientational properties are investigated. We introduce the orientational order parameter
A defined as the ensemble average of the anisotropy in the gyration radius vector,50
A =
〈
Rg,z
2 − (1/2)(Rg,x2 +Rg,y2)
Rg,x
2 +Rg,y
2 +Rg,z
2
〉
, (7)
whereRg,x, Rg,y, andRg,z denote the Cartesian components of the radius of gyration vector,
defined by
R2g,α =
1
N
N∑
i=1
(Ri,α −RCM,α)2 (8)
with the center of mass vector RCM and α = x, y, and z. From this definition, one can note
a positive value of A characterizes the perpendicular orientations to grafting surface. The
negative value represents that the polymer is oriented along the parallel direction of the
substrate and a negligible value of A means the isotropic conformations of polymers. For
σg = 0.074, the value decreases from positive to negative, indicating that the orientation of
polymers changes from the perpendicular to the parallel direction (Figure 10). The poly-
mer prefers in-plane orientation the most at xb = 0.1, and reoriented to the perpendicular
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direction xb = 0.4, suggesting the collapsed structure is caused by entanglement of the
polymers aligned xy plane. To the contrary, for σg = 0.002 and σg = 0.148, the value keeps
positive and zero, respectively, which means that polymers keep a similar orientation in
the whole range of better solvent fraction.
We obtain the bond orientation of polymer as a function of the monomer step n via the
second Legendre polynomial
P2(n) =
3
2
〈cos2 θn〉 − 1
2
, (9)
where θn denotes the angle between the bond vector with the bond sequential number n
and the normal vector to the grafting surface.(Fig.11) A random alignment of the bond
without any orientational preference converges P2(n) to zero. A positive P2(n) indicates a
preference to the perpendicular direction whereas a negative P2(n) indicates the parallel
direction. For an initial step of n = 1, the observed values of P2(n) are greater than 0.6
for all conditions due to the grafting effect. In a pure good solvent, this preference for the
vertical direction disappears quickly at initial steps in the case of σg = 0.002 and the self-
avoiding walk is shown. On the other hand, in the case of σg = 0.074 and σg = 0.148, the
perpendicular orientation of the brush was maintained by the emergence of the excluded
volume effect between the chains. This originates from the fact that the walk of the bonds
is disturbed in a parallel direction by repulsive interaction with other chains. As better
solvent molecules make multiple contacts with the monomers in a mixture condition, the
interaction between the monomers is effectively converted to an attraction. When the co-
nonsolvency is introduced in the mushroom brush (xb = 0.1, σg = 0.002), the chain forms
a globule structure to encase better solvents in monomers, which is represented by the
damped oscillation of the curve.
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Segmental properties
A couple of theoretical models have been suggested about the origin of the co-nonsolvency
involves the formation of bridging structure which is caused by preferential adsorption of
better solvent.16,19 Based on the SPA model, Mukherji et al. proposed that better solvent
with excess affinity to the chain drives the conformational transitions via maximizing the
contact area with the monomers. Modifying the SPA model, Sommer suggested the AA
model which approximated all the chains to form intermolecular bridging structure and
took into account the increase of excluded volume by better solvent-polymer adsorption.10
In fact, the SPA model and the AA model which assume that the chains only form either
intramolecular or intermolecular bridging structure can only be applied to the cases where
the chain concentration is either extremely low or high, respectively. In the most general
case of polymer brush or micro-gel, two types of bridging structures are possible and poly-
mer brushes configure themselves in such a way that they lower the free energy for a given
topology.
To analyze the inter and intra-bridging structure which compose the physically cross-
linked polymer network, we observed the segmental structures: loop and unlooped seg-
ment. When the distance between any two monomers is closer than 1.3σ, the two monomers
are defined as the ends of the loop, and the continuous monomer set excluding the loop
monomer is defined as the unlooped segment. Then, the probability distribution of the
number of monomers constituting the loop and the unlooped segment was calculated in
Fig.12 and Fig. 13, respectively. Generally, the looping probability shows a power law for
the number of monomers forming the loop nl (P(nl) ∼ nl−α). As shown in Fig. 12, the
looping exponent, which corresponds to the tangent value of the line, shows a little differ-
ence between grafting densities. However, upon the co-nonsolvent treatment as xb = 0.1,
the looping exponent increases as the grafting density increases. Compared to xb = 0.0, the
looping probability at xb = 0.1 increased for all grafting densities by the formation of the
intermolecular bridging structure. In particular, the change in the exponent value between
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the two solvent environments increases as the grafting density decreases, which means
that the intramolecular bridging becomes more favorable rather than the intermolecular
bridging structure as the excluded volume effect by the same chain increases. The distri-
bution of unlooped segment shows the opposite trend the case of a loop. From the Fig.13,
we can note that the size of the stretched segment which is engaged in the intermolecular
bridging structure, increases as the grafting density increases.
Co-nonsolvency phase diagram
To provide a useful theoretical guideline for the co-nonsolvency in the polymer brush sys-
tem, we construct two phase diagrams of the co-nonsolvency using the better solvent frac-
tion and the grafting density as control parameters (Fig. 14). Each of three orientational
phases is observed and they are separated by the dotted lines at A = 0.0 and 0.2 as shown
in the Figure 14. Phases I, II, and III correspond to a parallel, isotropic, and perpendic-
ular orientation of polymer chains, respectively. The dotted lines indicate the boundary
where the orientation of polymer configurations change significantly. The regions with
parallel or isotropic orientation (I, II) becomes narrower as the grafting density increases
and they eventually disappear. At the highest grafting density, A being about 1.0, the
polymer configurations maintain perpendicular to the surface, irrespective of the better
solvent fraction. The narrow in-plane free zone due to the high grafting density inhibits
the orientation between polymers and interferes with solvent sharing with other polymers.
Conversely, the isolation of grafted polymers from other polymers result in an isotropic ar-
rangement at low grafting density. From Figure 14, it can be seen that the co-nonsolvency
occurs more effectively in the grafting density environment where the polymer can change
its orientation freely and interact with other polymers easily. We would like to point out
that this thickness space does not cover all specific co-nonsolvency system. The affinity
between particles and the degree of polymerization can affect the structural response of
polymer.16,17 However, the important thing is that this diagram include the characteristic
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three region: (i) Region where conformational response of chains correspond to that of the
brush zc/zs ∼ Rg,c/Rg,s (ii) Region where conformational response of chains correspond to
that of the brush zc/zs > Rg,c/Rg,s (iii) Non-response region, zc/zs ∼ 1, where the subscript
s and c mean that the value is observed at xb = 0.0 and xb = 0.1, respectively.
Conclusion
Understanding the co-nonsolvency in realistic systems from a microscopic point of view
is crucial in applying this fascinating phenomenon to diverse systems, which show a va-
riety of response properties such as hydrodynamic radius, brush thickness, viscosity, fric-
tional force, adhesion force and growth homogeneity.8,9,12,30,32,44 Using a simplified, coarse-
grained model, we successfully demonstrated that the subtle balance between the inter-
and intramolecular bridging structure play a critical role in the co-nonsovlency behavior by
making a close contact with the experimental results. Our findings reveal that controlling
the grafting density enhance the structural response and the response disappear above the
critical grafting density. The surface-confined nature allows the regulation of the topologi-
cally excluded volume between polymers. We also have shown the novel scaling behavior
z ∼ σ0.7g in the good solvent mixture. We uncover three orientation phases remarkably
separated by the two parameters, the better solvent and grafting density. Overall, our sim-
ulation study provides a microscopic insight into the co-nonsolvency behavior and useful
experimental guideline for structurally adjusting the polymer orientations at a micro-level.
The drug delivery is one of the promising application of co-nonsolvency systems, in
particular, PNIPAM brush because of its bio-compatibility.51 Important issues to design the
ideal drug delivery systems include how the drug is delivered at the right time and the
right concentration.52,53 For optimum therapeutic responses, it is important to study the
diffusive behavior of solvent and the polymer disentanglement when the co-solvent is in-
troduced to the system,54 which can be investigated explicitly using the molecular dynam-
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ics simulation. Along with this line, we plan further to explore the dynamical properties
of the brush in the co-nonsolvent mixture, such as how fast the brush response upon the
co-nonsolvent stimuli, how the fluctuation of grafted chains are correlated with a solvent
environment, and whether the dynamic heterogeneity occurs as the spatial heterogeneity
does in the co-nonsolvency window. Also, we expect the many-chain effect on dynamic
properties to be crucial as in the structural study.
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Figure 1: Simulation snapshots showing the bottom view of grafting surfaces: (a) σg =
0.002 (b) σg = 0.074 (c) σg = 0.148. The gray and red spheres represent the wall atoms
and the grafted monomers which correspond to the first monomers in the polymer chain.
The grafting sites are selected randomly on every independent trajectories.
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Figure 2: Initial configuration of grafted polymers with random conformations obtained
by the high temperature sampling (T = 1.5/kB) in the case of M = 40 (corresponding
σg = 0.074).
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Table 1: Structural characteristics of the brushes with three grafting densities in the good
solvent conditions : average distance between grafting sites 〈D〉, parallel and the perpen-
dicular components of the radius of gyration Rg,xy and Rg,z, and the maximum height of
the brush h.
σg 〈D〉 Rg,xy Rg,z h
0.002 22.36 3.55 2.54 18.42
0.074 3.68 2.94 3.90 25.53
0.148 2.60 2.64 4.91 28.70
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Figure 3: Monomer density scaled by σg2/3 as a function of vertical coordinate scaled by
Nσg
1/3 to compare with the universal profile of overlapping brush which was theoretically
predicted by Milner.39 The black curve represents the self-consistent field prediction given
in Eq. (5).
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Figure 4: Average thickness as a function of the better solvent fraction for the cases of
three grafting density. The thickness is averaged over microscopic brush configurations in
trajectories. we calculated the averaged value of thickness with the interval of xb = 0.1.
The point types denote the different grafting density. The lines which connected the points
in the same grafting condition shows different collapse-reentrant behavior in the brushes.
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Table 2: Comparison of the collapse ratio in the brush height hc/hs from AFM experiment
(Exp.) and our simulation (Sim.). Here, the height of the swelling brush hs and the
collapsed brush hc correspond to the height at xb = 0.0 and xb = 0.5, respectively. The unit
of experimental values σg and h is [chians/nm] and [nm].
σg (Exp.) hc/hs (Exp.) σg (Sim.) hc/hs (Sim.)
0.03 0.25 0.002 0.55
0.27 0.32 0.074 0.64
0.69 0.50 0.148 0.90
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Figure 5: Log-log plot of average thickness as a function of grafting densities at xb =
0.0 and 0.1. The dotted lines denote the power law 〈z〉 ∼ σνg in the mushroom and the
overlapping regimes for the two solvent environment (xb = 0.0 and 0.1). The scaling lines
in the overlapping regime show drastic variantion in their exponents by the addition of
better solvent (ν = 0.36 to ν = 0.70) whereas the mushroom regime does not (ν = 0.05 to
ν = 0.06).
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Figure 6: Simulation snapshot of one of the configuration in the trajectories which is
simulated at xb = 0.0 (left) and at xb = 0.1 (right) in the grafting density σg = 0.074. The
transparent, red and purple spheres represent good solvent, monomer and better solvent,
respectively. Good solvent phase is seperated from the polymer/better solvent phase at
xb = 0.1. In this solvent condition, only a few better solvent particles exist in the bulk
phase.
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Figure 7: Density profile of the monomer, the good solvent, the better solvent and total
particles (red, green, blue line and black dotted line, respectively) as a function of vertical
coordinate z at xb = 0.0 (left), xb = 0.1 (middle) and xb = 0.1 (right). The total density
was calculated as the sum of monomer, good solvent and better solvent density. The
graphs are present for three different grafting density, σg = 0.002 ((a),(d),(g)), σg = 0.074
((b),(f),(h)) and σg = 0.148 ((c),(f),(i)).The insets show zoom of the density profiles for
the case of σg = 0.002.
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Figure 8: Top view projection of the brush in the grafting condition σ = 0.074 at xb = 0.0
(left) and xb = 0.0 (right). The red circle represent the grafted monomers in each chain
and the gray one represent the others. The projection was conducted in the part of the
system (8.0×8.0).
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Figure 9: Radius of gyration as a function of the better solvent fraction for three grafting
densities.
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Figure 10: Orientational parameter as a function of the better solvent fraction. The orien-
tational parameter defined as Eq. (7) is averaged over the polymer chains and the time.
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Figure 11: Second Legendre polynomial as a function of the bond sequential number for
the three grafting densities. The total number of bonds in a chain is nbond = 49. The
solid line represents the pure good solvent environment, and the dotted line represents
the distribution in the solvent environment when xb = 0.1. Blue, green, and red represent
brushes with grafting denisty σg = 0.002, σg = 0.074 and σg = 0.148 respectively.
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Figure 12: Log-log plot of probability distributions of loop size n at xb = 0.0 (top) and
at xb = 0.1 (bottom). Yellow, green, and red represent brushes with grafting denisty
σg = 0.002, σg = 0.074 and σg = 0.148, respectively. Power-laws Ploop(n) ∼ n−α at which
the exponent values are characterized by the solvent and the chain density, are shown as
dashed lines.
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Figure 13: Probability distributions of size of the unlooped segment nul at xb = 0.0 and
at xb = 0.1. Blue, green, and red represent brushes with grafting denisty σg = 0.002,
σg = 0.074 and σg = 0.148 respectively.
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Figure 14: Phase diagram for the average thickness 〈z〉 (above) the orientaional order
parameter A (below) as a function of better solvent fraction and the grafting density. The
two dotted lines correspond to A = 0.0 and 0.2 to divide the parallel(I), isotropic(II) and
perpendicular(III) orientation.
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